Over the past 15 years we have developed a one-step protocol for the synthesis of 3-phosphonylated aminophosphonates from α,β-unsaturated imines through tandem 1,4-1,2-phosphite addition. This account covers the initial development, mechanistic implications of using different phosphite nucleophiles and the expansion towards oximes, hydrazones and unsaturated imines included in aromatic sextets, e.g. quinolines, phenanthrolines and napthyridines.
Introduction
Aminophosphonates and their corresponding aminophosphonic acids are known as amino acid mimetics and, therefore, affect the physiological activity of the cell. [1] [2] Similarly, the synthesis of 3-phosphonylated aminophosphonates can be of major importance because of their high similarity to glutamic acid. (S)-Glutamic acid (Glu, 1) is the main excitatory neurotransmitter in the central nervous system (CNS) and operates through two main heterogeneous classes of receptors: ionotropic and metabotropic Glu receptors (iGluRs and mGluRs, respectively). Both classes are further subdivided into several subclasses, but the number of functional receptors in the CNS is not known. Selective Glu agonists and antagonists are not only important for the characterization of different Glu receptor subtypes, but also for the treatment of CNS diseases, such as epilepsy, Huntington's disease, Parkinson's disease, dementia, chronic pain, and so forth. Therefore, the Glu receptor field has been, and continues to be, in a state of almost explosive development. 3 A number to replace the triethylammonium salts after filtration, thus leading to a remarkable acceleration of the reaction rate (complete conversion after 3 hours of reflux). Moreover, when diethyl trimethylsilyl phosphite was mixed with an imine in dry dichloromethane, the reaction proceeded violently upon addition of one equivalent of concentrated sulfuric acid to yield 10b as a single product in 30 minutes at room temperature. Also with other α,β-unsaturated imines complete conversion into the corresponding PAP was observed. Diastereomeric ratios were determined from 31 P-and 1 H-NMR integration measurements ( Table 1 ).
The isolation of these bisphosphonates deserves some further attention. The polar nature of these compounds leads to significant losses upon chromatography. Where possible, extractive purification was preferred. A typical workup procedure consists of two consecutive extractions. After reaction the crude mixture was poured into a 3M HCl solution and extracted thrice with diethyl ether in order to (hydrolyze and) remove excess phosphite. Diethyl ether was used to avoid substantial losses of protonated PAPs. Next, the aqueous phase was rendered basic using 3M NaOH and extracted three times with dichloromethane, in order to remove any salts and acid. The combined organic layers were dried over MgSO 4 , filtered and concentrated in vacuo. In some cases subsequent column chromatography was needed.
In addition to NH 4 Cl, (NH 4 ) 2 SO 4 and sulfuric acid, several other acidic media were evaluated as catalysts. While none of these proved to be as efficient as sulfuric acid, the most significant results of these experiments are shown in Table 2 . Three types of zeolites were evaluated, LZ-Y20 (Catalytic activity 0.24 mol/kg; micropore volume 0.32 mL/g), CBV3020E (0.54 mol/kg; 0.13 mL/g) and CVB500 (1.5 mol/kg; n.a.). The LZ-Y20 zeolite efficiently catalyzes the tandem addition process, resulting in a conversion of 90% (entry 2). The isolated yield for this entry was 62%, and as such the use of sulfuric acid is still preferred. Quite surprisingly, the other two zeolites tested catalyzed only the 1,2-addition and no PAP was detected.
Scheme 4. Evaluation of different acid catalysts.
The use of trifluoroethanol (TFE) as both solvent and proton source was relatively successful as well. A conversion of 75% could be obtained, but the isolated yield was disappointingly low at 45%. Finally, polyphosphoric acid (PPA) was evaluated as a milder alternative to sulfuric acid (pKa 0.85 vs. -3), but only very low amounts of the desired PAPs were formed. 
Using trialkyl phosphites
The above described unique reactivity of dialkyl trimethylsilyl phosphite toward α,β-unsaturated imines 9 subsequently prompted us to evaluate the reactivity of other phosphorus nucleophiles. 28 In particular, the resemblance of trialkyl phosphites to dialkyl trimethylsilyl phosphites, suggests these nucleophiles as potential tandem addition candidates. Both phosphite reagents occur in the highly nucleophilic σ3λ3 form. Addition of trialkyl phosphite to α,β-unsaturated imines 9 was previously reported to proceed with complete 1,4-regioselectivity when a steric nitrogen substituent (t-Bu) was used by Teulade and Savignac. 21 In their case, imine 9f was treated with 0.96 equivalents of triethyl phosphite in ethanol. A slight excess of formic acid (1.04 equiv) was added to dealkylate the intermediate phosphonium ion. However, when these reaction conditions were repeated with 1 equivalent of triethyl phosphite, using i-propylimine 9d as the substrate, a small amount of 3-phosphonyl-1-aminophosphonate 10d could be detected in the crude reaction mixture after standard P-NMR analysis. When moving to an N-phenyl substituent, the 3-phosphonyl-1-aminoalkylphosphonate 10l even becomes the major product next to a considerable amount of unreacted starting material 9 since only 1 equivalent of triethyl phosphite was added (Scheme 5).
Scheme 5.
The first observation of a tandem 1,4-1,2-addition of trialkyl phosphites.
These preliminar results prompted us to search for appropriate reaction conditions to achieve complete conversion of the imines 9 to the 3-phosphonyl-1-aminoalkylphosphonate 10. The reaction proceeded vigorously upon addition of 2 equivalents of formic acid to a mixture of 2 equivalents triethyl phosphite and the substrate 9 in ethanol. Complete conversion to the 3-phosphonyl-1-aminoalkylphosphonate 10 was obtained in typically 30 minutes at room temperature. The generality of this method was shown by selecting different nitrogen substituents, both aromatic and aliphatic α,β-unsaturated aldimines and different phosphorus nucleophiles (Table 3) . When trimethyl phosphite (R = Me) was used, instead of triethyl phosphite, methanol was chosen as a solvent (instead of ethanol) to prevent transesterification. However, the reaction proceeded more slowly and more impurities were formed. Therefore, the solvent is probably an important factor influencing the reactivity of both nucleophiles.
The more sterically hindered i-Pr derivative 9d required 24 h to achieve complete conversion, and the t-Bu-imine 9f only reacted in a 1,4-fashion (Table 3 ). This reactivity is opposite to the results obtained using dialkyl trimethylsilyl phosphite as a nucleophile. Using dialkyl trimethylsilyl phosphite, the highly steric t-Bu group is the best N-substituent to obtain double adducts, while phenyl, a less sterically hindered nitrogen substituent, resulted only in the 1,2-adducts. 27 As was the case for the dialkyl trimethylsilyl phosphite tandem addition, 27 the acid also plays a crucial role in the trialkyl phosphite addition. Next to the imine activation and enamine tautomerization, the acid (or its conjugated base) is required for dealkylation of the phosphonium intermediates (see below). From these experimental results, it was clear that both addition reactions of trialkyl phosphite or dialkyl trimethylsilyl phosphite to α,β-unsaturated imines 9 proceed very fast in acidic media, yielding the corresponding diphosphonates 10 in high yields and purity. Both reactions proceed via a tandem 1,4-1,2-addition mechanism, which is also indicated by the occurrence of 1,4-adducts as intermediates (especially with highly steric demanding nitrogen substituents) and the similar diastereomeric ratios of the final products. The different influence of sterically hindered Nsubstituents however, indicates the involvement of differing reaction pathways or intermediates. In an attempt to eliminate the use of preformed aldimines, the possibility that the above described tandem 1,4-1,2-addition operates under typical Kabachnik-Fields-type, [29] [30] [31] [32] [33] threecomponent reaction conditions were investigated. The method reported by Kudrimoto and Bommena was selected as a model. 34 This method involves a solvent-free three-component reaction between an aldehyde, an amine, and a trialkyl phosphite, which was reported to yield exclusively α-amino alkylphosphonates under the action of (bromodimethyl)sulfonium bromide (Me 2 S.Br 2 ), even when an α,β-unsaturated aldehyde was used. However, when cinnamaldehyde was reacted with iPr-amine or aniline in the presence of 2 equivalents of trimethyl phosphite and 0.1 equivalent of Me 2 S.Br 2 , small amounts of 3-phosphonyl-1-aminoalkylphosphonate 10d,m could be detected by 31 P-NMR in the crude reaction mixture after standard aqueous work-up. Evaluating different timetemperature combinations, however, never resulted in complete conversion to the 3-phosphonyl-1-aminoalkylphosphonate (maximum up to 60% in the reaction mixture). The catalysis of this reaction by (bromodimethyl)sulfonium bromide seems to be less efficient than the acid catalysis discussed above.
Using tris(trimethylsilyl)phosphites
The above described methods conveniently provide bisphosphonates from unsaturated aldimines. While the conversion of these phosphonates to the corresponding phosphonic acids is feasible using TMSBr, this conversion is quite cumbersome. In order to obtain the phosphonic acids directly, we envisioned the use of a different σ3λ3-phosphorus species, namely tris(trimethylsilyl)phosphite.
Preliminary experiments soon showed the difficulty of using this reagent in the tandem addition process. Treatment with sulfuric acid resulted in its fast degradation to phosphonic acid. Also upon the use of triethylammonium chloride or formic acid, no addition products could be detected. It seemed that large amounts of sulfuric acid degraded the P-nucleophile, while other catalysts were insufficiently acidic to catalyse the desired tandem addition process. Eventually, the slow addition of subequimolar amounts of sulfuric acid provided a suitable solution and the silylated precursors of bisphosphonates 10t-y (Scheme 6) could be detected. A subsequent quench with methanol provides the corresponding phosphonic acids.
Isolation of the phosphonic acids was performed by precipitation in diethyl ether or, when the resulting purity was unsatisfactory, chromatography over Dowex. A range of substrates was evaluated, as shown in Table 4 . Again the nitrogen substituent was of utmost importance. The use of sterically hindered i-propyl or t-butyl groups proved to be the best, leading to the formation of PAPs in reasonable to good yields. When using allyl, benzyl or phenyl groups however, only 1,2-addition could be observed. These observations are consistent with those when using trimethylsilyl dialkyl phosphites. In general, however, the use of tris(trimethylsilyl)phosphite proved to be less straightforward and limited to very specific substrates. Scheme 6. Tandem addition using tris(trimethylsilyl) phosphite. 
Mechanistic implications
To elucidate the reaction pathways involved in the addition of dialkyl trimethylsilyl and trialkyl phosphites to the α,β-unsaturated imines, the reaction was monitored by 31 P-NMR spectroscopy. As the reaction of imine 9b with diethyl trimethylsilyl phosphite catalyzed by sulfuric acid proceeds too rapidly to detect any reaction intermediates, triethylammonium chloride was selected as a less potent catalyst to monitor the reaction as a function of time. Rapid disappearance of 9b was observed, whereas the amount of the 1,2-adduct grew accordingly to a maximum. The PAP 10b was formed more slowly, however, finally becoming the only end product of the reaction (see Figure 1 ). As a consequence of the fast but reversible 1,2-addition of dialkyl trimethylsilyl phosphite to aldimines, this reaction was erroneously reported earlier to proceed with complete 1,2-regioselectivity. This behavior suggests that the imine is protonated first by the acid and becomes activated towards nucleophilic attack of the dialkyl trimethylsilyl phosphite (Scheme 7). 1,2-Addition is clearly the fastest reaction pathway and the N-trimethylsilyl 1-aminoalkylphosphonate (11') is formed after nucleophilic attack of the nitrogen atom at the trimethylsilyl group of phosphonium salt 14.
These three steps all occur in an equilibrium which was demonstrated in a separate experiment (Scheme 8). When dimethyl (1-amino-1-phenylmethyl)phosphonate (17) was N-silylated using TMSCl and subsequently treated with a large excess of diethyl trimethylsilyl phosphite, diethyl phosphonate 18 was mainly recovered along with small amounts of 17. When the same experiment was repeated without silylation and using diethyl phosphite, no exchange at all occurred. This clearly demonstrated the reversibility of the reaction (Scheme 7, 9 11') and the need for the generation of a positively charged phosphonium group to increase its leaving-group capacity.
Scheme 8. Phosphonate exchange through silylation.
The initial equilibrium allows two further routes to the PAP 10' (Scheme 7). The first is complete reversion into the iminium salt followed by a slow 1,4-addition, whereas the second starts with an S N substitution of the phosphonium group. Both routes yield the same intermediate enamine 15, which subsequently isomerizes to the enamine 16. A final 1,2-addition then yields PAP 10'. However, the suggested intermediates 15 and 16 in this reaction mechanism (Scheme 7), were never observed. Furthermore, the proposed reaction mechanisms require an external proton source, as one equivalent of protons is incorporated in the final product 10. Therefore, an experiment was performed using only 0.1 equivalents of sulfuric acid together with 2.0 equivalents of P(OEt) 2 OTMS. The reaction proceeded very sluggishly under these conditions, and the formation of 10 was stopped completely after 3-4 h as expected. From that point, the concentration of 15 started to increase ( 31 P-NMR: δ = ~27 ppm in the reaction medium), while the rest of the imine 9 was slowly consumed (Figure 2 ). From this evolution of intermediates as a function of the reaction time (Figure 2) , it is clear that the 1,2-adduct 11' is not a real intermediate of the PAP formation. After the initial fast 1,2-adduct formation (which can also be noticed in Figure 1 ), further 1,2-additions are blocked by the absence of protons. The 1,4-addition on the other hand continues to proceed slowly. Furthermore, the observation that a considerably higher reaction rate results for imines bearing more sterically hindered N-substituents (t-Bu>i-Pr>Bn>>Ph) is in favor of the tandem addition, as the 1,2-addition should be slowed down by the steric bulk. One case of a double addition, which also proceeded in a 1,4-1,2-tandem fashion has been reported for ketene silyl acetal addition to α,β-unsaturated imines. 35 In the case of trialkyl phosphite, the situation is slightly different and the 1,4-addition is clearly favored. No 1,2-adduct appears in the reaction mixture. The 1,4-adduct is the sole reaction intermediate or even the end product when subsequent 1,2-addition is blocked (e.g., due to steric hindrance). The origin of this differing evolution of reaction intermediates remains subject to discussion. From these results, one could conclude that a trialkyl phosphite is more sterically hindered in this type of reaction as compared to a dialkyl trimethylsilyl phosphite. This is quite surprising at first sight as one alkyl group is interchanged for a larger TMS group. A possible explanation for this unexpected behavior of dialkyl trimethylsilyl phosphite could also be found in the reaction mechanism of dialkyl trimethylsilyl phosphite additions described in literature. 36 In this mechanism, coordination of the nitrogen lone pair with the silicon atom is suggested, which brings the (bulky) nucleophile in close proximity of the electrophilic center. Because of the presence of both a nucleophilic and an electrophilic center in the silylated phosphite, the subsequent transformation would then occur via a classical "push-pull" mechanism (Scheme 9) and is accelerated. However, the impressive rate increase upon acidification suggests protonation of the imine, which reduces the strength of this type of silyl complexation.
Scheme 9. Push-pull mechanism.
In this respect, it is interesting to note that when 1,2-adducts are observed, they are observed as a phosphonate and not as a phosphonium species. This suggests that, while reversible, O-to N-silyl transfer is a fast and near quantitative process. The N-silylated aminophosphonate 11' (Scheme 10) can therefore be regarded as a resting state, while its phosphonium counterpart 14 is a highly reactive intermediate. It was shown on several occasions in literature that this type of intramolecular phosphonium to phosphonate conversion is disfavoured for trialkyl phosphites. 36 In fact, when aliphatic aldehydes are heated in the presence of trialkyl phosphites, only up to 40% of the α-alkoxy phosphonate has been reported, [37] [38] which most likely originates from an intermolecular alkyl transfer. 39 O-to N-alkyl transfer does not occur, and aminophosphonate formation relies on the presence of other dealkylation agents.
Scheme 10. Only silylated phosphites facilitate intramolecular O-to N-transfer.
As such, it is very well possible that the initial 1,2-addition of trialkyl phosphites occurs in a similar fashion as for silylated phosphonates, but is blocked at the intermediate reactive phosphonium species which readily reverts to the imine. In fact, trialkyl phosphites have been used on several occasions to perform 1,2-additions on α,β-unsaturated imines and α-aminophosphonates can be isolated in the presence of dealkylating agents. 30, [40] [41] [42] [43] [44] [45] [46] Taking these facts in account, the initial steps of the tandem addition process are depicted in more detail in Scheme 11. Under the strongly acidic conditions, the imine is protonated in a near quantitative manner (k 2 >>k 1 ). Regardless of which type of phosphite is used, the iminium species can be converted to phosphonium 14. However, this intermediate is highly unstable and it readily reverts to the iminium. Here, k 4 largely exceeds k 3 and no phosphonium intermediates can be observed. However, when R 4 is a TMS group, O-to N-transfer will be favored over the elimination of the phosphite (k 6 >>k 4 ), leading to the conversion of iminium 13 to 11', which is not easily recycled through the phosphonium species (k 6 >>k 5 ). This results in an overall conversion of imine 9 to the 1,2-addition product with a reaction rate that exceeds that of the 1,4-addition. When R 4 is an alkyl group on the other hand, k 6 will be at or near zero, and a further 1,4-addition will be the predominant process.
While the 1,4-addition is a relatively smooth process, only limited amounts of substrate (imine) are available for the 1,4-addition when using silylated phosphites, causing it to be the ratedetermining step. Suppressing the formation of 11', by increasing the steric demands of R 2 (lowering k 4 and k 6 and increasing k 5 ) accelerates the formation of the desired PAPs. When trialkyl phosphite is used, no 1,2-adduct formation is observed. 1,4-Addition proceeds through a classical nucleophilic attack. The final 1,2-addition is now the rate-determining step, which is disfavored by sterically hindered nitrogen substituents. Increasing the steric demand of R 2 slows the formation of the desired PAPs down, which is also the reason Teulade and Savignac only reported 1,4-addition to the steric t-Bu-imines. 21 These exceptional reaction kinetics, rather than simply steric differences, explain the opposite reactivity order for both reagents. Scheme 11. Unified reaction mechanism for alkyl and silylated phosphites.
Addition to α α α α,β β β β-Unsaturated Hydrazones
In continuation of the tandem 1,4-1,2-addition reactions of phosphites to α,β-unsaturated imines, we next evaluated hydrazones and oximes as substrates. 47 Hydrazones were expected to be less reactive toward nucleophilic attack compared to imines, as the second hydrazone nitrogen atom increases electron density on the electrophilic hydrazone carbon. Hydrazones were synthesized in excellent yields from α,β-unsaturated aldehydes and hydrazines or hydrazides in methanol at 0 °C. Next, diphosphonylation was evaluated using the two different phosphorus nucleophiles, i.e. dimethyl trimethylsilyl phosphite (P(OMe) 2 OTMS) and triethyl phosphite (P(OEt) 3 ) as depicted in Scheme 12.
Scheme 12. Tandem 1,4-1,2-addition of phosphites to α,β-unsaturated hydrazones.
Addition reactions with silylated phosphite were performed in refluxing dry dichloromethane under N 2 -atmosphere and were monitored using 31 P-NMR. Conversion was much slower than it was in the case with α,β-unsaturated imines and upon addition of H 2 SO 4 no vigorous boiling of the solvent took place. Results are depicted in Table 5 . The products obtained contain two stereocenters and consequently exist as a mixture of diastereomers (a minor (m) and a major (M) component). This is visible in the 31 P-NMR spectrum as two doublets for one diastereomer, in which coupling between both phosphorus atoms is visible, and two singlets for the other diastereomer, where no, or only a very small coupling constant is visible between both phosphorus atoms. Integration of these signals furnishes the ratio in which both diastereomers are present. No specific diastereoselectivity is present as most ratios are around 50:50.
Some trends can be deduced from these observations. The more steric hindrance is present at the 4-position (dimethyl > isopropyl > methyl > phenyl), the lower the isolated yield and the longer reaction times necessary. This added bulk slows down the initial 1,4-addition of the tandem reaction. When no bulky groups are present on the substituted nitrogen atom, 1,2-addition easily takes place which results in monoaddition and lower yields. In general, the low isolated yields are due to difficulties during work-up. An acid-base extraction is required to remove the excess phosphite and sulfuric acid, which accounts for losses of product. After the acid-base extraction, a supplementary chromatographic step is necessary to obtain analytically pure products. These hydrazine bisphosphonates display a great affinity for silica, again leading to significant losses of product.
Overall yields obtained using P(OMe) 2 OTMS were unsatisfactory and thus triethyl phosphite was evaluated as the alternative phosphorus nucleophile. As stated above, previous research had revealed that the use of triethyl phosphite in ethanol gives better results than trimethyl phosphite in methanol. 28 Several substrates and reaction conditions were evaluated, giving rise to some important conclusions. The highest conversions are achieved upon the use of 5 equivalents P(OEt) 3 and 5 equivalents formic acid. When smaller amounts of phosphite were utilized, e.g. 2 equivalents, yields were below 5%. Furthermore, upon addition of only 1 equivalent of formic acid, the yields were much lower as compared to the use of an excess of 5 equivalents.
More specifically in the case of hydrazones derived from 1-amino-4-methylpiperazine, when only equimolar amounts of acid are added, the more basic piperazine nitrogen atom is protonated and the substrate is not suitably activated. When an excess of acid is used all nitrogen atoms are protonated including the desired hydrazone nitrogen, leading to increased yields. Application of even more acid on the other hand is counterproductive and leads to dealkylation of P(OEt) 3 with formation of diethyl phosphite. The addition of triethyl phosphite to hydrazones 17 was monitored by 31 P-NMR and results are shown in Table 6 . Conversions using triethyl phosphite as the nucleophile are usually better than those using silylated phosphite. The degree and nature of substitution on these substrates largely determines reaction time, as was the case with silylated phosphite. When bulky groups are present on the 4-position, initial 1,4-addition is slower and complete conversion is much slower (compare entries 9a and 14a). In the absence of bulky groups on the hydrazone 1,2-addition was faster than 1,4-addition. Derivatives with a phenyl substituent on the 4-position display lower yields, most likely due to conjugation of the aromatic ring to the unsaturated system. Aside from steric hindrance, electron density on the C=N carbon atom plays a major role. Substrates derived from 1-amino-4-methylpiperazine display a lower reactivity due to increased electron density on the reactive center, impeding 1,2-addition. Derivatives with electron withdrawing amide functions undergo 1,2-addition more readily, resulting in shorter reaction times and higher conversions. However, these observations are not in all cases significant.
In an attempt to increase isolated yields, different work-up procedures were evaluated. Performing column chromatography immediately after the reaction without any prior work-up is not suitable, due to the excess triethyl phosphite still present. An acid-base extraction with dichloromethane and 3M HCl, followed by lyophilization was attempted, but no solids were obtained after freeze drying. This is due to the highly hygroscopic nature of these bisphosphonates. Only water was visible in the 1 H-NMR spectrum. Therefore, the sequence of acid-base extraction and column chromatography, as described when using P(OMe) 2 OTMS, was still preferred.
Addition to α α α α,β β β β-Unsaturated Oximes
Next, oximes were evaluated as substrates for the tandem 1,4-1,2-addition reaction. The desired oximes were prepared according to literature procedures, in 83 and 90% yield respectively (Scheme 13). [48] [49] Both the (E)-and (Z)-isomers were obtained, with the (Z)-isomer slowly converting to the (E)-configuration.
Furthermore, the corresponding O-benzyl oxime was prepared from cinnamaldehyde and Obenzylhydroxylamine hydrochloride in dichloromethane with MgSO 4 and Et 3 N. An attempt to recrystallize was unsuccessful and column chromatography was necessary for purification of the target oxime, unfortunately leading to only 10% yield.
Cinnamaldehyde oxime was subjected to similar reaction conditions as the hydrazones to induce tandem 1,4-1,2-addition with silylated phosphite (Scheme 14). Reaction with P(OMe) 2 OTMS in the presence of sulfuric acid did not succeed and only hydrolysis of the nucleophile to dimethyl phosphite was observed. To exclude the influence of the free hydroxyl function of the oxime, the corresponding O-benzyl oxime was evaluated as substrate. However, tandem addition did not proceed, even upon refluxing for several days, and the silylated phosphite was again hydrolyzed to dimethyl phosphite, albeit much slower. Scheme 14. Attempted tandem addition of silylated phosphite to α,β-unsaturated oximes.
Next, the addition of triethyl phosphite was evaluated under similar conditions as for the hydrazones. After 4 days, only diethyl phosphite and starting material were present. Again, this may be attributed to hydrolysis. The O-benzyl oxime was utilized as well, but the result was similar to using the unprotected oxime, even though the hydrolysis of triethyl phosphite proceeded more slowly.
Diphosphonylation of Aromatic Heterocycles
At this point, we had shown that both silylated dialkyl phosphite and trialkyl phosphite can be used to perform a tandem 1,4-1,2-addition to α,β-unsaturated aldimines and hydrazones. On the other hand, α,β-unsaturated oximes are not susceptible to the tandem 1,4-1,2-addition. In continuing our efforts to broaden the scope of this reaction, we evaluated more challenging substrates, in the form of aromatically stabilised α,β-unsaturated imines.
Quinolines
The first part of the research focussed on the use of triethyl phosphite in ethanol, as our experiments on the hydrazones had shown this to be the most robust reagent combination. The quinoline was dissolved in absolute EtOH and triethyl phosphite (2 equiv) was added together with formic acid (1 equiv). Despite several attempts, no addition was observed, both at room temperature and under reflux conditions. 50 Subsequently, a silylated dialkyl phosphite was used as phosphorus nucleophile. In this procedure, the quinoline was dissolved in dry CH 2 Cl 2 and a silylated phosphite (2 to 3 equiv, depending on the substrate) and H 2 SO 4 (0.5 equiv) were added. The mixture was stirred at room temperature or heated to reflux. 31 P-NMR analysis revealed that the addition took place and that it is indeed possible to disrupt the aromatic stabilisation. However, the quinolines reacted much slower compared to the imines due to the aromatic character of these heterocycles. Scheme 15 gives a proposed reaction mechanism for the tandem 1,4-1,2-addition of silylated dimethyl phosphite to quinoline. The suggested intermediates in this mechanism could not be isolated, nor structurally determined, and even though silylated phosphite was used, no 1,2-addition products could be observed.
Scheme 15.
Proposed reaction mechanism for the diphosphonylation of quinolines.
In order to shorten the reaction time, the tandem 1,4-1,2-addition was also evaluated under more stringent heating conditions, using microwave (MW) irradiation. Table 7 gives an overview of the synthesized derivatives. The usual acid-base extraction was used to purify the end products. In some cases, further chromatographic purification was required leading to lower yields than aspired because of the high affinity of 2,4-diphosphono-1,2,3,4-tetrahydroquinolines to silica. In the case of 3-methylquinoline, four pairs of diastereoisomers were expected to appear in the 31 P-NMR From Table 7 it is clear that microwave heating (entries b), when compared to reflux conditions (entries a), generally leads to higher conversions and yields, in shorter reaction times. The use of P(OEt) 2 OTMS in combination with ClCH 2 CH 2 Cl as a higher boiling solvent did not improve the conversion to the 1,4-1,2-addition product (entry 2). Probably, the higher reaction temperature results in an increased degradation of the silylated phosphite to diethyl phosphite, which is a less reactive phosphonylation agent. Steric hindrance at the 4-position (entry 5) has a great influence on the conversion to the double addition product. This was also observed for the addition of P(OMe) 2 OTMS to α,β-unsaturated hydrazones (Table 5 ). This is in line with the proposed reaction mechanism, which starts with a 1,4-addition. 2-Methylquinoline (entry 3) also showed a lower conversion, but to a lesser extent than 4-methylquinoline. 6-Methoxyquinoline (entry 8) gave lower yields than expected. This is probably caused by the presence of an extended conjugated system due to the mesomeric donating properties of the methoxy group. This results in a decreased electrophilicity of the C=N bond, reducing the rate of 1,4-addition. Benzo[f]quinoline (entry 11) reacted much slower than unsubstituted quinoline.
Phenanthrolines
To further broaden the scope of the double phosphonylation of aromatic systems, different phenanthrolines were evaluated (Table 8) . 51 The reaction was performed under reflux conditions as well as under microwave irradiation. Phenanthrolines are characterized by an extended aromatic system. The double addition of P(OMe) 2 OTMS to the different phenanthrolines is very slow under reflux conditions (entries a). Better conversions and yields were established under microwave heating. The position of the nitrogen atoms has a significant influence on the reaction (compare entry 1 to entries 2 and 3). In an attempt to increase the conversion of 1,7-and 4,7-phenanthroline, the phosphite and H 2 SO 4 were added stepwise to reduce the hydrolysis of the silylated phosphite (entries 1e,f; 2c,d and 3d,e) . However, the addition of dimethyl trimethylsilyl phosphite in portions did not lead to higher conversions. (14) - (1) 12 (36) 8 (22) - ( A density functional theory (DFT) based computational study at the M06-2X/6-31+G(d,p) level of theory was performed to rationalize the observed experimental findings. The substrates were studied by calculating the proton affinities and nucleus-independent chemical shift (NCIS) values. The NICS values are used to quantify the aromaticity of the phenanthrolines and compared to those of quinolines and naphthyridines. It was found that the bicyclic species are more aromatic than the tricyclic ones in the order quinoline > naphthyridine > phenanthrolines. Protonation of a nitrogen atom increases the aromaticity of the entire system and leads to stable pyridinium ions, which is in line with the large proton affinities. Protonated quinoline is more stable than protonated naphthyridine which results in a higher activation barrier for quinoline. Overall however, experimentally, quinoline reacts faster than the other substrates. This can be rationalized taking into account the complete process of both protonation and phosphite addition (Figure 3a) . Furthermore, based on the product stabilities addition to quinoline is favoured. When the reactivity of the phenanthrolines is compared, the free-energy scheme is in line with the experimental findings which yield an overall preference for the phosphite addition at 1,10-phenanthroline (Figure 3b ). There is thus a substantial influence of the position of the nitrogen atoms.
Naphthyridines
The aforementioned DFT study revealed that the diphosphonylation of 1,5-naphthyridine would be feasible (Scheme 16). To this end, 1,5-naphthyridine was dissolved in dry dichloromethane and P(OMe) 2 OTMS (3 equiv) and H 2 SO 4 (1 equiv) were added. The mixture was stirred for 5 hours under microwave irradiation (200W, 45 °C).
31 P-NMR analysis revealed 87% conversion of the starting material.
After work-up, the end product was isolated in 43% yield. Compared to the addition of silylated phosphite to quinolines, 1,5-naphthyridine reacted much slower under the same conditions. Double 1,4-additions were not observed. In contrast to 1,5-naphthyridine, no diphosphonylated product was observed when using 1,6-naphthyridine (Table 9 ). After 5 hours under microwave irradiation, only a limited conversion to two monophosphonylated products was observed (entry 2). These products could not be isolated and are most probably the 1,2-and the 1,4-addition product of P(OMe) 2 OTMS to 1,6-naphthyridine. 
Other aromatic heterocycles
Other aromatic heterocycles besides quinolines, phenanthrolines and naphthyridines were also evaluated for the 1,4-1,2-addition of silylated phosphite, be it with limited success. First, acridine was tested as substrate for the diphosphonylation reaction. The reaction was evaluated under reflux conditions and under microwave irradiation (Table 10 ). However, no diphosphonylation was observed for the different reaction conditions. In all cases, the monophosphonylated product, dimethyl (9,10-dihydroacridin-9-yl)phosphonate 37, was isolated.
Full conversion of acridine is obtained after 0.5h under microwave irradiation (entries b). However, despite the excellent conversions, the isolated yield is low using the usual acid-base extraction. During the extraction of the 3M HCl aqueous phase with Et 2 O to remove excess phosphite, significant amounts of product are lost in the organic phase. For this reason, the reaction mixture was quenched with H 2 O and extracted with CH 2 Cl 2 after completion of the reaction. With this methodology, excellent isolated yields were obtained (entries 2-3).
The reaction mechanism for the monophosphonylation of acridine is given in Scheme 17. After initial protonation and 1,4-addition of P(OMe) 2 OTMS, the formed enamine 37 is included in the allcarbon aromatic system. The tautomerisation of this enamine to the corresponding imine 38 is unlikely, thereby preventing 1,2-addition. In a subsequent series of experiments, other aromatic heterocycles were evaluated (Table 11 ). Using pyridine (entry 1), no phosphite addition was observed. However, the reaction was only evaluated under reflux conditions. Experiments with pyrimidine (entries 2-15) revealed no (entries 9-10, 12) or very limited conversions (entries 2-6, 8, 11). Using higher boiling solvents (entries 11-12) or more sulphuric acid (entries 9-10) did not improve the conversion. However, when the reaction was performed solvent free, a conversion of 57% was obtained (entry 7). Three new experiments were performed with a minimal amount of solvent to guarantee efficient mixing (entries [13] [14] [15] . The best result was obtained with a minimal amount of CH 2 Cl 2 under reflux conditions (entry 14). However, the formed The reactions with pyridazine (entries [16] [17] [18] [19] [20] were performed with a minimal amount of solvent in analogy with the results obtained with pyrimidine under these reaction conditions. The best results were obtained under reflux conditions and sequential addition of P(OMe) 2 OTMS (entry 16). No reaction was observed when the amount of H 2 SO 4 was increased (entry 17). As with pyrimidine, performing the reaction in a higher boiling solvent did not improve the conversion (entries [19] [20] . However, instead of the 1,4-1,2-addition product, its methylated form (tetramethyl (2-methyl-2,3,4,5-tetrahydropyridazine-3,5-diyl)bisphosphonate) was isolated. It is known that methylation of amines can occur in the presence of dialkyl phosphites. [52] [53] Dimethyl phosphite can be formed by hydrolysis of P(OMe) 2 OTMS in the presence of H 2 SO 4 .
The addition reactions to ftalazine were also performed with a minimal amount of solvent. The best results were obtained under reflux conditions (entry 22). Performing the reaction in a higher boiling solvent (entries [25] [26] or with more H 2 SO 4 (entry 23) had no beneficial effect on the conversion. The product formed could be isolated and was identified as the methylated monoaddition product of P(OMe) 2 OTMS to ftalazine: dimethyl (2-methyl-1,2-dihydroftalazine-1-yl)phosphonate.
Other activation methods
The one-pot tandem 1,4-1,2-addition with sulphuric acid activation works well for the addition of P(OMe) 2 OTMS to aldimines, hydrazones and quinolines. However, the synthesis of other phosphonylated aromatic heterocycles with this method is less efficient. In this respect, super acids were evaluated for the activation of the substrates.
In a first experiment, trifluoromethanesulfonic acid was used for the diphosphonylation of quinoline (Scheme 18).
Scheme 18. Diphosphonylation of quinoline with P(OMe) 2 OTMS and CF 3 SO 3 H. After 3 hours, the reaction mixture was purified with the usual acid-base extraction. From the 31 P-NMR spectrum, it was clear that the double 1,4-1,2-addition product was formed but as a minor side product. In the 31 P-NMR spectrum, two other major peaks were observed. Probably, these peaks can be assigned to the two monophosphonylated products. Subsequently, 'Olah's magic acid' (FSO 3 H.SbF 5 ) was used for the evaluation of the addition of P(OMe) 2 OTMS to 3-methylquinoline (Scheme 19). Scheme 19. Tandem 1,4-1,2-addition of P(OMe) 2 OTMS to 3-Me-quinoline.
The reaction with 'Olah's magic acid' reached a maximum conversion (39%) after 3 days at room temperature. The resulting diphosphonylated product could be isolated with a yield of 4%, but its 31 P-NMR spectrum was inconsistent with the expected 1,4-1,2-addition product. Despite careful analysis of the 1 H-, 13 C-, HSQC-, COSY-and HMBC-spectra and mass spectra, the structure of the isolated product remains unclear.
The activation of the aromatic heterocycles with triflic anhydride is another strategy that was evaluated (Scheme 20). The activation of quinoline with triflic anhydride is based on the procedure of Haase et al. 54 After activation, the 1,4-1,2-addition with silylated diethyl phosphite was evaluated. The reaction proceeds faster (63% conversion after 21h) compared to the diphosphonylation with P(OMe) 2 OTMS and sulphuric acid under reflux conditions (Table 7 , entry 1). However, the maximum conversion (63%) and isolated yield (36%) are lower.
Scheme 20. Activation of quinoline with triflic anhydride.
Double diphosphonylation
The phenanthrolines were evaluated in a double diphosphonylation reaction because two α,β-unsaturated systems are present (Scheme 21). First, a one-pot procedure was evaluated using 6 equivalents P(OMe) 2 OTMS and 1 equivalent H 2 SO 4 under microwave irradiation. However, only signals of the diphosphonylated products were detected in the 31 P-NMR spectrum. Next, the isolated diphosphonylated products were again reacted with 3 equivalents P(OMe) 2 OTMS and 0.5 equivalent H 2 SO 4 . Again, no reaction to the tetraphosphonylated products was observed. The results are summarised in Table 12 .
After the initial 1,4-1,2-addition of P(OMe) 2 OTMS to the phenanthrolines, protonation of the aromatic nitrogen has to occur for a second 1,4-addition. However, the formed secondary amine will be protonated preferentially and the formation of a second cation is unlikely to happen. In this way, no protonation of the second aromatic nitrogen occurs, preventing a double diphosphonylation.
Oxidation of the diphosphonylated products
During the diphosphonylation reaction, the aromatic structure of the substrates is removed. Different oxidation reactions were evaluated to restore the aromaticity of the diphosphonylated products. Table 13 gives an overview of the evaluated methods. In all cases, restoring the aromaticity of the diphosphonylated products failed. When DDQ was used as oxidant, one of the phosphonate groups was cleaved off. In the two other oxidation methods, only starting material was recovered. 
Synthesis of diphosphonic acids
The method developed by McKenna was used to evaluate the hydrolysis of the phosphonate esters. 55 The hydrolysis was carried out by silylation of the ester moieties and subsequent alcoholysis with MeOH (Scheme 22). However, with this method a mixture of the phosphonic acid and a phosphonate monoester was obtained.
Scheme 22.
Hydrolysis of the phosphonate ester moieties.
Conclusions
In retrospect, the observation of a tandem 1,4-1,2-diphosphonylation of unsaturated imines has led us much further than anticipated. The detection of minor side products upon prolonging the reaction time of previously published reactions, and more importantly, the isolation of these side products has opened up a completely new line of research. It is now clear that, under the right conditions, not 1-aminophosphonates (APs) but 3-phosphonyl 1-aminoalkylphosphonate (PAPs) are the final reaction products of α,β-unsaturated imines and σ3λ3 phosphorous nucleophiles. Expansion of the methodology has led to the successful conversion of unsaturated imines and hydrazones, and the reminiscent aromatic substrates such as quinolines, phenanthrolines and naphthyridines. There is a clear difference in reactivity between trialkyl phosphites and trialkylsilyl dialkyl phosphites, but both reagents deliver the desired PAPs and appear to be complementary. Trialkyl phosphite is better suited for sterically less hindered imines, while its silylated counterpart performs better as the steric bulk increases.
